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The state transitions of the cyanobacterium Synechococcus sp. PCC 7002 and of three mutant strains, which were impaired in PsaE-
dependent cyclic electron transport (psaE  ), respiratory electron transport (ndhF ) and both activities (psaE ndhF ), were analyzed.
Dark incubation of the wild type and psaE  cells led to a transition to state 2, while the ndhF strains remained in state 1 after dark
incubation. The ndhF cells adapted to state 2 when the cells were incubated under anaerobic conditions or in the presence of potassium
cyanide; these results suggest that the ndhF cells were inefficient in performing state 1 to state 2 transitions in the dark unless cytochrome
oxidase activity was inhibited. In the state 2 to state 1 transition of wild-type cells induced by light in the presence of 3-(3,4-dichlorophenyl)-
1,1-dimethylurea (DCMU), there was still a significant reduction of the interphotosystem electron carriers by both respiration and cyclic
electron flow around PSI. Kinetic analysis of the state 2 to state 1 transition shows that, in the absence of PSII activity, the relative
contribution to the reduced state of the interphotosystem electron carriers by respiratory and cyclic electron transfer is about 72% and 28%,
respectively. The state 2 to state 1 transition was prevented by the cytochrome b6 f inhibitor 2,5-dibromo-3-methyl-6-isopropylbenzoquinone
(DBMIB). On the other hand, the state 1 to state 2 transition was induced by DBMIB with half times of approximately 8 s in all strains. The
externally added electron acceptor 2,5-dimethyl-benzoquinone (DMBQ) induced a state 2 to state 1 transition in the dark and this transition
could be prevented by DBMIB. The light-induced oxidation of P700 showed that approximately 50% of PSI could be excited by 630-nm
light absorbed by phycobilisomes (PBS) under state 2 conditions. P700 oxidation measurements with light absorbed by PBS also showed that
the dark-induced state 1 to state 2 transition occurred in wild-type cells but not in the ndhF cells. The possible mechanism for sensing an
imbalanced light regime in cyanobacterial state transitions is discussed.
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1. Introduction PSII in response to an imbalanced light regime. There areAll oxygenic photosynthetic organisms have two photo-
systems, Photosystem I (PSI) and Photosystem II (PSII).
One of the mechanisms for regulating the distribution of
absorbed light energy between PSI and PSII is the state
transition [1,2]. The state transition is a rapid dynamic
process that adjusts the relative activities of PSI and PSII
by regulating the distribution of excitation energy to PSI and0005-2728/$ - see front matter D 2003 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbabio.2003.09.006
Abbreviations: Chl, chlorophyll; DBMIB, 2,5-dibromo-3-methyl-6-
isopropylbenzoquinone; DCMU, 3-(3,4-dichlorophenyl)-1,1-dimethylurea;
DMBQ, 2,5-dimethyl-benzoquinone; PBS, phycobilisome; PSI, Photo-
system I; PSII, Photosystem II
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E-mail address: jzhao@pku.edu.cn (J. Zhao).two aspects of the state transition: the ability to sense an
imbalanced light regime, and the regulation of energy
transfer from light-harvesting systems to reaction centers
of PSI and PSII. In organisms that have chlorophyll (Chl)
a/b-containing, light-harvesting complexes, the mechanism
of state transitions is believed to be phosphorylation and
dephosphorylation of LHCII [3–5]. The process is believed
to be controlled by redox state of plastoquinone (PQ) and/or
cytochrome (Cyt) b6f complex [6]. Recent evidence shows
that the PSI-H subunit of PSI is required for state transitions
in higher plants [7].
Phycobilisomes (PBS) are the major light-harvesting
antennae in red algae and the cyanobacteria. The light
energy absorbed by PBS can efficiently be delivered to
either PSII or PSI [8–10]. The mechanism for regulating the
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PSII in these organisms is not fully understood [6,11–13].
Several models have been proposed for the control of
excitation energy transfer from PBS to the reaction centers.
The ‘‘spillover’’ model proposes that under PBS-absorbing
light (light 2), some of the light energy is transferred from
PBS to PSI through PSII protein–Chl complex (spillover)
[14]. However, the results from several PBS component
mutants suggested that the energy transfer from PBS to PSI
occurs through core components of the PBS rather than
through PSII protein–Chl complexes [15,16]. Recent find-
ings that PBS are mobile on thylakoid membrane show that
PBS movement is a critical component of the state transi-
tions, and it was suggested that signal transduction is the
limiting step in state transitions [17,18]. Schluchter et al.
[19] showed that a psaL mutant strain of Synechococcus sp.
PCC 7002 had a faster state transition and proposed a
‘‘mobile PSI’’ model based on the fact that the psaL mutant
has only monomeric PSI complexes while the wild-type
cells have trimeric PSI complexes. McConnell et al. [20] has
recently proposed a detailed model for state transitions in
cyanobacteria. In their model, PSII, PSI, and PBS are all
mobile, and small movements of these complexes relative to
one another, and the resulting reorganization of these com-
plexes in the thylakoid, are suggested to be the major
component of the state transition process for light absorbed
by the PBS. However, the redistribution of light energy
absorbed by chlorophyll is proposed to occur mainly through
a ‘‘spillover’’ mechanism.
Recent studies support the model that the redox state of
electron carriers between the two photosystems is responsi-
ble for sensing the imbalance between PSI and PSII activ-
ities [21–23]. In this model, the state 1 condition is induced
by light 1 as a result of the oxidation of the interphotosys-
tem electron carriers such as plastoquinone (PQ) pool and
Cyt b6 f; a state 2 condition is induced by light 2 as a result
of the reduction of these electron carriers. However, little is
known about how the redox state regulates light energy
distribution between two photosystems.
One important aspect of cyanobacterial electron trans-
port is that the thylakoid membranes contain a respiratory
chain that transfers electrons from NAD(P)H to oxygen as
well as a photosynthetic electron transfer chain [24–26].
These two electron transport chains share common com-
ponents, including PQ and the Cyt b6 f complex, with the
photosynthetic electron transport chain. It has been shown
that the redox state of the PQ pool of cyanobacteria in the
dark is influenced by the respiration activity [27]. Incu-
bation of cyanobacterial cells in the dark leads to state 2
as a result of respiratory electron transfer [22,28–30].
These results indicate that the redox state of the inter-
photosystem electron carriers is responsible for sensing the
imbalance between the PSI and PSII activities. However,
there has been no agreement on which component(s) of
the interphotosystem electron carriers controls state tran-
sitions [13].In studying electron transfer in the cyanobacterium
Synechococcus sp. PCC 7002, three mutants involving
respiratory and cyclic electron transport were constructed
and previously characterized [31–34]. In the mutant strain
PR6300, respiratory electron transfer is impaired because of
the deletion of an ndhF gene, which is equivalent to slr0844
of Synechocystis sp. PCC 6803 [31]. In the mutant strain
PR6302, the PsaE-dependent cyclic electron transport
around PSI activity is inhibited due to the deletion of the
psaE gene [32,34]. In the mutant strain PR6303, both
respiratory and cyclic electron transports are impaired by
mutagenesis of both ndhF and psaE genes [32,33]. Studies
of state transitions in these mutant cells should help to
reveal the relative contributions of cyclic electron transport
and respiratory electron transport on state transitions. In this
communication, we analyze the kinetics of state transitions
and the roles of respiratory and cyclic electron transport. We
also discuss the sensing mechanism for an imbalanced light
regime in state transitions.2. Materials and methods
Synechococcus sp. PCC 7002 wild-type and mutant cells
were grown in A+ medium [35] under cool white fluorescent
light at 150 Amol m 2 s 1 at 38 jC. The cells in
exponential growth phase were diluted with A+ medium to
chlorophyll (Chl) concentrations of 3 and 10 Ag ml 1 for
measurements of room temperature fluorescence induction
and 77 K fluorescence emission, respectively.
Room temperature fluorescence induction in the presence
of 5 AM 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU)
was measured with a PTI MD-5020 fluorometer (Photon
Technology International). Actinic green light was provided
with a 300 W tungsten–halogen lamp filtered with a 600-
nm short-pass filter and a heat filter (Orion) at 500 Amol
m 2 s 1. Fluorescence was monitored with monochrometer
set at 682 nm. The photomultiplier was also protected with
an interference band-path filter (680 nm, band width 10 nm,
Orion). Cell samples were incubated in the dark for 2 min
before the fluorescence induction measurement. When
specified, the cell suspension was rendered anaerobic by
bubbling with nitrogen gas for 5 min. In most cases,
reagents were added to the cell samples immediately before
the dark incubation at final concentrations as indicated in
the text.
For 77-K fluorescence emission spectrum measurements,
the cell samples were first adapted to state 1 or state 2
condition prior to freezing in liquid nitrogen in a glass tube
and maintained in liquid nitrogen in a fingered-dewer during
the measurements. Cells were adapted to state 2 by incuba-
tion in the dark with or without 100 AM KCN, and to state 1
by blue light illumination provided with a 460 nm short pass
filter (Orion) at 50 Amol m 2 s 1 for 2 min in the presence
of 5 AM DCMU before freezing. Fluorescence emission
spectra were recorded by a PTI MD-5020 fluorometer with
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spectra were routinely collected and averaged.
The transition from state 1 to state 2 in the presence of 2,5-
dibromo-3-methyl-6-isopropylbenzoquinone (DBMIB) was
performed as follows. Cells were first brought to state 1 by
illumination in the presence of 5 AM DCMU. DBMIB was
added at a final concentration of 5 AM to the constantly
stirred cuvette containing the culture while the fluorescence
intensity from the cells was continuously monitored. For the
transition from state 1 to state 2 with KCN, cells were brought
to state 1 by illumination for 2 min in the presence of 5 AM
DCMU and 100 AM KCN. The fluorescence intensity was
measured after dark incubation, which promotes the transi-
tion back to state 2, after various periods of time.
The effect of externally added 2,5-dimethyl-benzoqui-
none (DMBQ) was performed according to Izawa [36]. To
the cell suspension, 0.25 mM DMBQ plus 0.5 mM ferricy-
anide was added, and fluorescence changes were immedi-
ately measured as described in text. The P700 measurement
was performed by measuring the absorbance difference
signal of 820 nm minus 860 nm with a Walz PAM-101
Unit equipped with an ED-P700DW dual wavelength unit
for P700 measurement. The PBS-absorbing actinic light was
provided by an argon laser light (633 nm) at a light intensity
of 15 Amol m 2 s 1. The Chl concentration was deter-
mined by the method of MacKinney [37].3. Results
3.1. State 2 to state 1 transitions
Fluorescence induction in the presence of DCMU has
been used to study state transitions in cyanobacteria such as
Synechococcus lividus [38] and Anacystis nidulans (Syne-
echococcus sp. PCC 6301) [39,40]. In the presence of
DCMU, any visible light has the effect of light 1, and the
observed fluorescence induction emanates from PSII. Upon
actinic illumination in the presence of DCMU, the fluores-
cence intensity of dark-adapted Synechococcus sp. PCC
7002 cells increased very rapidly from zero to a high initial
fluorescence level (Fm-d, d denotes dark incubation) fol-
lowed by a slow but large increase of fluorescence due to
the state 2 to state 1 transition (Fig. 1, I-A). In the wild-type
cells, the Fm-d was the state 2 Fm fluorescence level of the
cells because dark incubation places the cells in state 2
[22,28–30]. The fluorescence yield gradually increased and
reached a steady state plateau value. The fluorescence
intensity at the plateau represents the state 1 fluorescence
level (Fm-1), because illumination in the presence of
DCMU results in a transition to state 1. Fig. 1, I also shows
that the fluorescence induction of wild-type cells of Syne-
chococcus sp. PCC 7002 under anaerobic conditions was
the same as that after the dark aerobic incubation (Fig. 1, I-
B). In the presence of DBMIB, the state 2 to state 1
transition is completely inhibited (Fig. 1, I-C), as demon-strated by the complete absence of any fluorescence increase
above the initial Fm-d level.
The state transitions of three mutants of Synechococcus
sp. PCC 7002 in the presence of DCMU are shown in panels
II through IV of Fig. 1. The mutant strain PR6302, which is
impaired in the PsaE-dependent cyclic electron transport
around PSI [32,33], had a similar Fm-d level but a larger
state 2 to state 1 transition as compared to the wild-type
cells (Fig. 1, II). The rate of the state 2 to state 1 transition in
PR6302 was also higher than that of the wild-type cells (Fig.
1, II-A). Incubation of the PR6302 cells under an anaerobic
condition affected neither the rate nor the amplitude of the
transition (Fig. 1, II-B). When cells of mutant strain
PR6300, which is impaired in respiratory electron transport
by the NADH dehydrogenase complex [31,34], were incu-
bated in the dark in the presence of DCMU, these cells had a
much higher Fm-d level, and illumination resulted in a
much smaller increase in the fluorescence intensity (Fig.
1, III-A). However, when the cells were incubated under
anaerobic conditions, the Fm-d was decreased to a level
comparable to that of wild-type cells (Fig. 1, III-B). The
subsequent increase of fluorescence was faster and the
amplitude was higher than that of wild-type cells. In the
strain PR6303, both the respiratory and the PsaE-dependent
cyclic electron transport pathways are impaired. The Fm-d
level was high when the cells were incubated in the dark in
the presence of DCMU, and the fluorescence increase was
small when the cells were illuminated (Fig. 1, IV-A), similar
to the results for strain PR6300. When the PR6303 cells
were incubated under an anaerobic conditions, the Fm-d
level was lower, as in case of the strain PR6300, and the
subsequent increase of fluorescence was again much greater
and faster (Fig. 1, IV-B) than that of the wild-type cells. In
both strains, PR6300 and PR6303, the fluorescence levels at
Fm-d could be effectively lowered by the addition of KCN
in place of anaerobic conditions (data not shown). Under all
conditions and for all strains, DBMIB completely inhibited
the state 2 to state 1 transition (Fig. 1, curves C).
3.2. 77-K fluorescence emission spectra
Low-temperature fluorescence spectroscopy has been
used to study light energy distribution between the two
photosystems. The 77-K fluorescence emission spectra of
the wild type and the three mutant strains are shown in Fig.
2. In the wild-type strain PR6000 (Fig. 2A), incubation in
the dark led to state 2 as indicated by the relatively lower
levels PSII-associated fluorescence at 685 nm (F685) and
695 nm (F695). Addition of KCN before freezing caused a
slight reduction in F685 and F695. Illumination with blue
light in the presence of DCMU before freezing led to state 1
as indicated by an increase of F685 and F695. The fluores-
cence at 715 nm (F715), which reflects PSI emission at low
temperature, was similar under these conditions. However,
since PSII fluorescence also contributes to the F715 level, it
is evident that the contribution of PSI to F715 is larger in
Fig. 1. State 2 to state 1 transitions in Synechococcus sp. PCC 7002 strains PR6000 (wild type, panel I), PR6302 (psaE , panel II), PR6300 (ndhF , panel
III), and PR6303 (psaE ndhF , panel IV). The cell cultures in exponential growth phase were diluted with A+ medium to a Chl concentration of 3 AM. They
were incubated in the dark for 15 min at 32 jC before addition of DCMU and other reagents. The DCMU concentration was 10 AM in all assays. The cell
suspension was incubated in the dark for another 2 min before illumination of actinic light (wavelength: 500–600 nm) at room temperature. The fluorescence at
682 nm was recorded. The arrow indicates the initial fluorescence level after dark incubation, Fm-d, upon illumination with actinic light. Curve A, fluorescence
induction in the presence of DCMU; curve B, fluorescence induction in the presence of DCMU under anaerobic conditions; curve C, fluorescence induction in
the presence of DCMU and DBMIB (10 AM). The numbers shown in each panel are the values obtained by dividing (Fm-1 Fm-d) by Fm-d. In the case of
ndhF mutant strain, the anaerobic Fm-d levels are used. These numbers represent the relative amplitudes of the fluorescence increases in the state 2 to state 1
transition.
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emission spectra of PR6302. Dark incubation of the cells in
the absence or presence of KCN led to state 2. Illumination
of cells in the presence of DCMU before freezing led to
state 1 and a higher fluorescence emission. Both strains
PR6300 and PR6303 are unable to perform NADH-depen-
dent respiratory electron transport [33], and incubation of
these cells in the dark for 5 min did not result in a low level
of F685 and F695 (Fig. 2C,D, respectively). Under this
condition, the fluorescence emission spectra were very
similar to those of state 1 adapted cells that had been
illuminated in the presence of DCMU. State 2 was obtained
in these two mutant cells when KCN was added to the cells
in dark incubation before freezing. The F685 and F695
levels were then much lower and were comparable to those
of wild type cells in state 2.
3.3. State 1 to state 2 transitions
Both the wild-type and the mutant strains were used to
study the state 1 to state 2 transition (Fig. 3). Cells were
brought to state 1 with green illumination in the presence of5 AM DCMU, and then DBMIB was added to a final
concentration of 5 AM with rapid mixing while the fluores-
cence intensity was continuously recorded. In all strains, the
fluorescence intensity decreased as a function of time after
the addition of DBMIB. As in the case of the state 2 to state
1 transition, PR6303 exhibited the largest decrease of
fluorescence intensity, and the wild-type strain had the
smallest decrease. However, the half times of the state 1
to state 2 transition in all strains were approximately 8 s
(Fig. 3, insert). These results suggest that DBMIB had the
same kinetic effect on the state 1 to state 2 transition in the
cells of the wild-type and mutant strains.
To study the kinetics of the state 1 to state 2 transition
further, a dark-induced transition in the presence or absence
of KCN was performed (Fig. 4). Strains PR6302 (psaE)
and PR6303 (psaE  ndhF) were chosen, because the
effect of KCN on PsaE-dependent cyclic electron flow
was relatively small [33]. The cells were brought to state
1 by illumination in the presence of 5 AM DCMU for 1 min,
and then the actinic light was switched off. After various
times of dark incubation, the actinic light was switched on
to determine the Fm-d levels. In the absence of KCN, the
Fig. 3. The state 1 to state 2 transition in the wild-type and mutant strains. The cells were brought to state 1 by illumination (400–600 nm) in the presence of
DCMU in a measurement cuvette that was constantly stirred. DBMIB, at a final concentration of 10 AM, was added to the cell suspension in the cuvette at the
times indicated by arrows while illumination continued. The fluorescence emission intensity at 682 nm was continuously recorded. Curves A through D are
from the Synechococcus strains PR6000 (wild type), PR6302 (psaE ), PR6300 (ndhF ), and PR6303 (psaE ndhF ), respectively. Insert: amplitude and
half times of the state 1 to state 2 transition of these four strains.
Fig. 2. 77-K fluorescence emission spectra of the strains PR6000 (A), PR6302 (B), PR6300 (C), and PR6303 (D). To achieve state 1, the cells were illuminated
with green light in the presence of 10 AM DCMU for 2 min before the cell suspensions were frozen in liquid nitrogen (solid lines). Dark incubations at 32 jC
for 15 min were carried out in the absence (dashed lines) or presence (dotted lines) of KCN (100 AM) before cell suspensions were frozen in liquid nitrogen.
The excitation wavelength was 590 nm and fluorescence emission spectra were recorded from 620 to 760 nm. Each curve presents an average of four individual
measurements. All spectra were normalized against the fluorescence level at 640 nm.
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Fig. 4. The state 1 to state 2 transitions of strains PR6302 (circles) and
PR6303 (squares). Cells were brought to state 1 with illumination in the
presence of DCMU (10 AM) in the absence (panel A) or presence (panel B)
of KCN (100 AM). The actinic light was then turned off for the time period
indicated, at which time the actinic light was turned on again to measure the
Fm-d level. Other conditions were as described in Fig. 1.
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the Fm-d level, while strain PR6303 exhibited a much
smaller decrease in Fm-d (Fig. 4A). In the presence of
KCN, strain PR6302 had a faster transition but the ampli-
tude of state transition was similar. The strain PR6303
exhibited a much larger decrease in Fm-d in the presence
of KCN (Fig. 4B). The half times of the transitions from
state 1 to state 2 in the dark for both PR6303 and PR6302
were approximately 5 s in the presence of KCN.
3.4. Relative contribution of respiratory and cyclic electron
donations to the interphotosystem carriers
Because the Chl:P700 and PSI:PSII ratios are similar in
all of the strains studied here [31–34], the kinetics of the
fluorescence increases from state 2 to the fluorescence level
in state 1 in the presence of DCMU probably reflect the
oxidation kinetics of the interphotosystem electron carriers
by light. The relative contributions of electron donation to
the interphotosystem carriers from respiratory and cyclic
electron flow around PSI could be estimated if one assumes
that (i) the interphotosystem carriers are fully reduced in the
presence of DBMIB and are fully oxidized under illumina-tion in the presence of DCMU in the strain PR6303; and (ii)
the fluorescence changes proportionally reflect the changes
in the redox states of the interphotosystem carriers. A replot
of the data for the state 2 to state 1 transition in Fig. 1 shows
first-order kinetics in all four strains (Fig. 5). The apparent
first-order constants (Ka) for each strain are also presented in
Fig. 5. The relative contributions from respiration and cyclic
electron flow are estimated as follows:
For the oxidation of the carrier C: dC=dt ¼ koC
For the reduction of the carrier C:
dð1 CÞ=dt ¼ krð1 CÞ
The oxidation of C at time t can then be described as:
Ct ¼ kr þ ko  e
ðkokrÞt
ko þ kr ð1Þ
In Eq. (1), C equals 1.0 at the true state 2 and 0 at the true
state 1; ko and kr are the rate constants for oxidation and
reduction of C, respectively; kr = kc + kd + kn, where kc and kd
are the rate constants for the carrier reduction from PsaE-
dependent cyclic electron flow and NADH dehydrogenase
complex, respectively. kn is the rate constant for the non-
physiological reduction pathway described by Yu et al. [33].
It accounts for less than 5% of kr in P700 reduction and is
neglected from here on. Thus (ko kr) equals the observed
apparent rate constant Ka in Fig. 5. The values of ko, kr, kc,
and kd can be calculated as follows:
In the strain PR6303; kr ¼ kc þ kd ¼ 0;
ko ¼ Kað6303Þ ¼ 1:41
Since ko is identical in all strains, kr, kc, and kd can be
calculated as follows,
In the wild type strain:
krð6000Þ ¼ ko  Kað6000Þ ¼ 1:41 0:17 ¼ 1:24
In the strain PR6302:
krð6302Þ ¼ kd ¼ ko  Kað6302Þ ¼ 1:41 0:49 ¼ 0:92
In the strain PR6300:
krð6300Þ ¼ kc ¼ ko  Kað6300Þ ¼ 1:41 1:04 ¼ 0:37
The calculated rate constants above suggest that (i) even
under illumination in the presence of DCMU, the wild-type
cells still have a significant portion of the interphotosystem
carriers that are maintained in the reduced state by respira-
tory and cyclic electron flow; (ii) 72% (0.92/1.24) and 28%
(0.37/1.24) of electron donations to the interphotosystem
carriers are derived from respiration and cyclic electron
flow, respectively, under our experimental conditions; (iii)
the maximum fluorescence levels of the four strains in state
Fig. 6. The effects of externally added electron acceptors on state
transitions. (A) Externally added DMBQ at a concentration of 0.25 mM
plus potassium ferricyanide (FeCy) at a concentration of 0.5 mM induced a
transition from state 2 to state 1 in the wild-type cells of Synechococcus sp.
PCC 7002 in the dark (squares). This transition could be prevented by the
simultaneous addition of 20 AM DBMIB (circles). (B) State 1 to state 2
transition of the strain PR6303 induced by 20 AM DBMIB are not affected
by the presence of externally added DMBQ and FeCy at the same
concentrations as in panel A. The conditions for the state 2 to state 1
transition were same as described in Fig. 3. The half lifetimes for both
curves were approximately 8 s.
Fig. 5. Semi-log replot for analysis of the kinetics of the state 2 to state 1
transitions shown in Fig. 1. The maximum fluorescence ( Fmax) value of
strain PR6303 (1.70) was used to subtract the fluorescence induction values
under anaerobic conditions (curves B of Fig. 1) in 0.1-s interval and the
resulting values of all four strains were plotted against the fluorescence
induction time. Curve fitting was performed with KaleidoGraph (Synergy
Software) software, and the R values of all curves are higher than 0.99. The
apparent first-order rate constants are also indicated in the figure at the
bottom left.
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Eq. (1) because koe
 (ko  kr)t in Eq. (1) in the equilibrium is
zero. The calculated values of the maximum fluorescence in
state 1 for the wild type, PR6300, PR6302, and PR6303 are
1.38, 1.42, 1.54, and 1.71, respectively. These values are
very close to those shown in Fig. 1.
3.5. The effect of externally added quinone DMBQ on state
transitions
When oxidized DMBQ and ferricyanide were added to
dark-adapted wild-type cells of Synechococcus sp. PCC
7002 in state 2, a time-dependent transition to state 1 was
observed, and this transition was largely prevented by the
addition of DBMIB (Fig. 6A). The rate of this DMBQ-
induced state 2 to state 1 transition was slower, and the
amplitude was smaller, than the transition induced by
light in the presence of DCMU (Fig. 1). To study the
effect of DMBQ on state 1 to state 2 transition, PR6303
(ndhF psaE  ) cells were brought to state 1 before DBMIB
was added (Fig. 6B). It is evident that addition of DMBQ had
little effect on the DBMIB-induced state 1 to state 2
transition. No effect of DMBQ on the state 1 to state 2
transition induced by DBMIB has been observed in any other
strain used in this study (data not shown).
3.6. P700 oxidation by PBS-absorbing light in different
states
To investigate the transfer of light energy absorbed by
PBS to PSI, P700 oxidation was measured under the state 1and state 2 conditions in both PR6000 and PR6303 cells,
and the results are shown in Fig. 7. The actinic light was
633-nm laser light, primarily absorbed by PBS, to minimize
direct chlorophyll excitation. Under the state 1 condition,
the P700 oxidation in the PR6000 cells was relatively rapid
and reached a steady state value within 1 s after the actinic
light was switched on (Fig. 7A). Dark incubation for 5 min,
which produces a complete state 1 to state 2 transition (see
Fig. 4), led to a 95% increase of the P700 oxidation signal
by the actinic light (Fig. 7A). The maximum P700 signal
under state 2 conditions was followed by a gradual decline
of the signal, indicating that even light that is absorbed by
PBS could function as light 1 to induce a state 1 transition.
The difference of the P700 oxidation signals between state 1
and state 2 with 630 nm actinic light was approximately
50% of the P700 signal obtained with saturating blue light
(Fig. 7A). This result indicates that at least 50% of PSI
Fig. 7. P700 oxidation by light 1 and light 2 under different states for wild-
type cells (A) and for PR6303 cells (B). Curves 1 and 2 show the extent of
P700 oxidation by light absorbed by PBS in state 1. The wild-type cells
were first brought to state 1 by illumination with saturating blue light (400–
600 nm) in the presence of 10 AM DCMU for 3 min. The blue light was
turned off and a weak 633-nm actinic light was immediately switched on
within 5 s and after 3-min dark incubation for the state 2 transition,
respectively. The P700 signal at 820 nm was recorded by a PAM P700
detection instrument. For curve 3, cells in state 2 were illuminated with
saturating 440-nm light absorbed by Chl for P700 oxidation. The Chl
concentrations of the cell suspensions were 15 Ag Chl ml 1.
C. Huang et al. / Biochimica et Biophysica Acta 1607 (2003) 121–130128could be excited by light absorbed by PBS under state 2
conditions. In PR6303 cells (Fig. 7B), the dark incubation
did not induce an increase of P700 oxidation by light
absorbed by PBS, in agreement with the results obtained
from fluorescence measurements (Figs. 1 and 4).4. Discussion
The results observed with the mutant and wild-type cells
for room temperature fluorescence induction and 77-K
fluorescence emission spectra confirm that respiratory elec-
tron transport in thylakoid membranes drives Synechococ-
cus sp. PCC 7002 cells to state 2 in the dark. In
Synechococcus sp. PCC 7002, the ndhF gene product is
required for the state 2 transition in the dark since neither
PR6300 now PR6303 were able to adapt to state 2 during
dark incubation. Even though there are five ndhF genes in
the genome of Synechococcus sp. PCC 7002 based on ourgenome sequencing results (J. Zhao and D. A. Bryant,
unpublished data), the one that was deleted [31] is required
for thylakoid-located respiratory electron transfer and the
transition to state 2 in the dark (Figs. 1, 2, and 5). In the
dark, the cells of strains PR6300 and PR6303 exhibit a slow
reduction of P700+, and the rate of reduction of the Cyt b6f
complex was also slow [33]. It is expected that the lack of
NADH dehydrogenase activity in the ndhF strains would
result in an oxidized PQ pool and Cyt b6f complex, and thus
the cells were expected to be closer to state 1 than state 2 in
the dark. Incubation of these two mutant cells under
anaerobic conditions brings the cells to state 2 in the dark.
For the wild-type cells, the NADH dehydrogenase complex
donates electrons to the interphotosystem carriers efficiently,
resulting in a more reduced PQ pool and Cyt b6f complex.
As a result, the cells were adapted to state 2. Thus, the states
of the cells in the dark are dependent on the relative rates of
electron donation to, and their withdrawal from, the inter-
photosystem electron carriers.
Fluorescence induction in the presence of DCMU has
been widely used to study state 2 to state 1 transitions in
cyanobacteria [15,19,22,38–40]. However, as illustrated by
the results for the strains PR6300 and PR6303, our results
demonstrate that caution should be exercised when inter-
preting results, since the initial fluorescence level, Fm-d, is
not necessarily the true state 2 fluorescence level.
In an early study of the state transitions in S. lividus,
Satoh and Fork [38] suggested that cyclic electron transport
around PSI induced the state 2 to state 1 transition and
speculated that the localized proton gradient produced by
cyclic electron flow was the sensor and controlled the state
transitions. The results presented here with psaE mutant
strain PR6302, which is impaired in PsaE-dependent cyclic
electron flow but has normal electron donation from
NADH dehydrogenase complex to the PQ pool and Cyt b6f
[33,34], show that cyclic electron flow around PSI is not
required for the state transition. The lack of PsaE-dependent
cyclic electron flow led to a relatively more oxidized PQ
pool and/or Cyt b6f complex when cells were illuminated in
the presence of DCMU, resulting in a larger state 2 to state 1
transition than observed for wild-type cells. The PR6300
(ndhF  ) cells have a normal PsaE-dependent cyclic elec-
tron flow but an impaired NADH dehydrogenase. Illumina-
tion of this strain in the presence of DCMU also leads to a
more oxidized PQ pool and/or Cyt b6f complex than those
of the wild-type cells. In strain PR6303 (psaE ndhF  )
both pathways are impaired and illumination in the presence
of DCMU leads to an even more oxidized PQ pool and/or
Cyt b6f complex. The rates and the amplitudes of the state
transitions in this strain are even faster and larger than in the
other strains. Kinetic analyses based on the transition rates
and final amplitudes of the fluorescence induction in the
presence of DCMU (i.e., in the absence of PS II activity)
shows that respiratory electron donation accounts for ap-
proximately 70% of the electrons transferred to the inter-
photosystem electron carriers, while the PsaE-dependent
C. Huang et al. / Biochimica et Biophysica Acta 1607 (2003) 121–130 129cyclic electron flow accounts for about 30% of the electrons
(Fig. 6). These values are in excellent agreement with the
direct measurement of P700 reduction rates in these strains
[33].
DBMIB totally inhibits the state 2 to state 1 transition in
all strains; however, it can induce the state 1 to state 2
transition in all strains. When DBMIB was added to cells
adapted to state 1, the transition from state 1 to state 2 was
very rapid. The half times of the state 1 to state 2 transition
induced by the addition of DBMIB for all strains were
approximately 8 s (Fig. 3). Thus, the sensory mechanism of
the cellular redox machinery is not inhibited by DBMIB.
DBMIB simply brings the cells to state 2, probably by
binding to the Cyt b6f complex [22].
The mechanism by which cyanobacteria sense an imbal-
anced light regime is not yet understood. Both the plasto-
quinone pool and the Cyt b6f complex have been suggested
to be involved in the mechanism [13,22,23]. The results of
the state 1 to state 2 transition in the dark shown in Fig. 4
indicate that the Cyt b6f complex could play the more
important role in sensing an imbalanced electron flow.
Under the experimental conditions employed while studying
the state 1 to state 2 transition, PR6303 only had ‘‘leaky,’’
background electron transport to P700, while PR6302 cells
have full NADH dehydrogenase activity in the thylakoid
membranes [33]. It is therefore unlikely that the PR6303
cells could reduce the entire PQ pool as rapidly as the
PR6302 cells in the dark. Nevertheless, the transition rates
from state 1 to state 2 in the cells of both mutants are
identical. The results shown in Fig. 4 can be explained if the
redox state of the Cyt b6f complex is the signal which is
sensed by the cells and which signals that there is an
imbalanced electron flow between PSI and PSII. This
suggestion is supported by recent studies on state transitions
in Synechocystis sp. PCC 6803 [23] and by the results
shown in Fig. 6. DBMIB has been shown to suppress the
state 1 transition induced by externally added quinone in
Synechocystis sp. PCC 6803 [23]. Even though the external
addition of DMBQ to cells could induce a state 2 to state 1
transition in the dark (Fig. 6A), thereby suggesting that it
oxidizes the interphotosystem electron carriers, DMBQ had
little effect on the DBMIB-induced state 1 to state 2
transition (Fig. 6B). Because it is unlikely that the time
for reduction of all interphotosystem carriers is the same in
the presence or absence of DMBQ, we postulate that the
sensing site for imbalanced light distribution to the photo-
systems is the Cyt b6f complex or a protein associated with
this complex. Binding of plastoquinol to Cyt b6f complex
could trigger a conformation change of the sensor protein,
leading to the state 2 transition. The binding of DBMIB to
the Qo site of the Cyt b6f complex could mimic such a
condition and thus also lead to a state 2 transition. Even
though it has not been possible to construct a mutant lacking
Cyt b6f complex to distinguish whether the PQ pool or the
Cyt b6f complex controls state transitions in cyanobacteria,
this suggestion is supported by the results from chloroplastsLHCII phosphorylation, which is believed to be dependent
on Cyt b6f complex [41,42].
The extent of P700 oxidation under different light states
(Fig. 7) shows that light energy absorbed by PBS can be
efficiently transferred to PSI in state 2. More than 50% of
PSI reaction centers can be excited by PBS-absorbed light.
This result agrees well with the estimate of Mullineax [10].
Because the ratio of PSI to PBS is approximately 4 in all
strains used in this study [33,34], the fact that more than half
of the PSI reaction centers could receive PBS-absorbed light
suggests that PSI trimer formation in the cyanobacteria
facilitates such an energy transfer process, since otherwise
there would not be sufficient individual PBS to allow
energy transfer to 50% of total if all PSI complexes were
monomers.
The F715 emission peaks of the 77-K fluorescence
spectra are relatively low even in state 2 when the cells
were illuminated with light absorbed by PBS (Fig. 2), while
they are higher than the emission amplitudes at 695 and 685
nm when the cells excited with light absorbed by Chl [43].
Thus, the observation that light energy absorbed by PBS can
be efficiently transferred to PSI at 30 jC (Fig. 7) suggests
that some energy transfer from PBS to PSI at 77 K is
interrupted, since the observed amplitudes of emission at
715 nm were low under state 2 conditions. The energy
transfer from PBS to PSII is apparently not affected at 77 K,
because the emission amplitudes at 685 and 695 nm were
high even when the cells were excited with light absorbed
by PBS.
The ability to observe differences in the kinetics of the
state 2 to state 1 transition in different strains in this study
agrees with the suggestion that signal transduction is the
rate-limiting step in state transitions [17,18]. It also implies
that movement of PSI is not the rate-limiting step for the
state transitions, since all strains used in this study had
normal PSI trimers.Acknowledgements
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